The globins from sperm whale and from Aplysia limacina myoglobins were reconstituted by addition of stoichiometric ferric protohaem and the Soret c.d. was followed as a function of time. For both reconstituted proteins, the Soret c.d. changes with time, reflecting haem reorientation inside its pocket, as previously described [Aojula, Wilson & Drake (1986) Biochem. J. 237,[613][614][615][616] for sperm whale myoglobin. The time course of the c.d. transition is found to be approx. 10 times faster in Aplysia than in sperm whale myoglobin, a result which is in agreement with the known structural and physicochemical properties of the two myoglobins; furthermore, these results confirm that c.d. and n.m.r. data on haem orientation in haemoproteins reflect the same molecular phenomenon.
INTRODUCTION
Several haemoproteins have been described to exist in two interconvertible conformations, differing in their n.m.r. properties. La Mar and collaborators (La Mar et al., 1978) have shown that the coexistence of conformers is related to the fact that the intrinsically asymmetric haem molecule can assume two orientations differing by 180°rotation around its a-y axis. Often one of the conformers is largely prevalent at equilibrium, and constitutes the 'native' (or ordered) conformation as detected by X-ray crystallography. In the case of sperm whale myoglobin the disordered form accounts for only 10% of the total haemoprotein in solution (La Mar et al., 1983) , while in other cases the disordered form can be as populated as the ordered one, as in tuna fish myoglobin (Levy et al., 1985) .
Immediately after reconstitution obtained by mixing sperm whale apomyoglobin with either ferrous or ferric haem, the disordered form accounts for approx. 50 % of the total pigment; this population ratio changes with time and decays slowly towards its equilibrium value. The re-equilibration has been followed by means of n.m.r. (La Mar et al., 1984) or c.d. spectroscopy (Aojula et al., 1986 ) and the measured half-time ranges from hours to days depending on the experimental conditions (for example, pH and temperature).
To a first approximation it may be assumed that the prevalent pathway to achieve haem reorientation requires dissociation of the porphyrin from the protein, since the haem pocket appears to be too small to allow the haem to rotate freely; for this reason we compared the rate of haem reorientation in two myoglobins whose physicochemical properties, particularly with respect to haem affinity, differ widely: those from sperm whale and from Aplysia limacina; in fact myoglobin from Aplysia limacina lacks the distal histidine (Tentori et al., 1971; Bolognesi et al., 1985) and binds haem with relatively low affinity (Rossi Fanelli & Antonini, 1960) .
MATERIALS AND METHODS
Myoglobin from whale skeletal muscle was purchased from Sigma, while that from Aplysia limacina buccal muscle was prepared according to Rossi Fanelli & Antonini (1957) . At equilibrium, 92% of the haem is reported to be in the 'ordered' configuration in sperm whale myoglobin, while the same configuration accounts for 80% in Aplysia (La Mar et al., 1983; Pande et al., 1986) .
The apoprotein of both myoglobins was obtained by means of the acid acetone method (Rossi Fanelli et al., 1958) , and reconstitution was achieved by addition of a 1.2-fold stoichiometric excess of oxidized haem in 0.05 Msodium/potassium phosphate buffer, pH 7.0 (Ascoli et al., 1981) ; under these conditions the disordered form accounts for about 50 % of the total haem, at least in the case of sperm whale myoglobin (La Mar et al., 1983 , 1984 . Immediately after reconstitution the samples were freed from excess haem and equilibrated with the desired buffer by means of gel filtration chromatography on Sephadex G-25, and stored as the met derivative at 25°C.
The extent of reconstitution, checked spectrophotometrically, was never lower than 80 %; free haem was not present. C.d. spectra of the Soret band were recorded with a Jasco 500A spectropolarimeter after appropriate dilution and conversion to the ferrous carbon monoxide derivative.
The results were analysed quantitatively according to the following Scheme:
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where (d) and (o) indicate the disordered and ordered conformations respectively. This Scheme is based on the consideration that the crystallographic dimensions of the haem pocket do not allow rotation of the haem while bound to the crevice (see above).
RESULTS AND DISCUSSION
The results of a typical experiment, carried out in 0.05 M-sodium/potassium phosphate buffer, pH 6.5, are reported in Fig. 1 , where the inset shows the Soret c.d. spectra of the two myoglobins at different times after starting the reconstitution experiment. It is evident that the apparent half-time for haem reorientation in Aplysia myoglobin (ti = 90 min) is approx. 10 times faster than that of sperm whale myoglobin (t1 = 16 h). For the latter protein our finding is consistent with the re-equilibration time reported in the literature (t1 = 10 h under comparable conditions; La Mar et al., 1984) .
This experiment has been computer-simulated according to Scheme 1 taking advantage of the fact that: (i) the ratio ordered/disordered conformer in native myoglobin is known, corresponding to 11.5 in the case of sperm whale myoglobin and 4 in that of Aplysia (92 % and 80 % ordered respectively; the term native is used here to indicate the equilibrium ratio of the conformers), and (ii) this ratio reflects the haem dissociation rate constants, if the kinetic constant for haem binding is the same for the two orientations of haem. It has been demonstrated that immediately after reconstitution of sperm whale myoglobin the two conformers are equally populated (i.e. the rate constant for haem combination is the same for the two haem orientations; La Mar et al., 1983) ; equivalent information is still lacking in the case of Aplysia myoglobin but, by analogy with the experience on various other haemoproteins (La Mar et al., 1984; Levy et al., 1985) , it was assumed that also in this case the ratio of conformers at t = 0 is 1. This assumption apparently does not hold in the case of human haemoglobin, which was demonstrated with elegant chemical techniques to reconstitute selectively in the ordered conformation (10-20 % of the disordered form, according to Docherty & Brown, 1982) ; comparable experiments for sperm whale myoglobin are apparently not available in the literature but would constitute an important comparison with spectroscopic data.
The concentration of apomyoglobin in the Scheme was assumed to be always negligible as compared with the total protein. The result of the simulation procedure, reported in Fig. 1 as a continuous line, allows estimation of the haem dissociation rate constants for the two conformers; these are k = 0.12 and 0.48 h-1 for ordered and disordered Aplysia myoglobin, and k = 0.0088 and 0.081 h-1 for ordered and disordered sperm whale myoglobin, respectively.
If the proposed mechanism is correct it is expected that the leading parameters controlling the haem reorientation rate are the haem dissociation rate constants for the two conformers, while their ratio at t = oo determines the equilibrium population of the ordered and disordered species. It is clear that from the equilibrium ratio of the two conformers it is possible to provide an estimate of the ratio of the haem dissociation rate constants only if the process follows a simple kinetic scheme (an indirect clue to the applicability of the model suggested in Scheme 1).
The model is possibly oversimplified because the reaction between haem and apohaemoproteins is complex (Gibson & Antonini, 1960) ; still it proves capable of describing the reaction time course. It is not possible to exclude that the overall process may partly evolve through a different pathway involving haem rotation inside the protein crevice, in particular in the case of Aplysia myoglobin which is known to be considerably more flexible than is sperm whale myoglobin (Bolognesi et al., 1985) . The result presented above should be compared with earlier findings on the properties of the haem pocket in Aplysia myoglobin; it is in fact noteworthy that this protein binds haem with lower affinity than that of sperm whale myoglobin (Rossi Fanelli & Antonini, 1960) , and that the spectroscopic properties of its aminonaphthalenesulphonyl derivative indicate that haem is embedded in a relatively more polar environment (Anderson et al., 1970) , even though this point has been recently challenged (see Bolognesi et al., 1985, and Macgregor & Weber, 1986) . Finally it appears rewarding that also for Aplysia myoglobin the c.d. properties of the two conformers are different, stressing the general significance of the results of Aojula et al. (1986) .
